The interactions between clay sheets with lateral length L that are grafted by polymer chains of N monomers immersed in a chemically identical polymer melt of polymerization index P are calculated by using Edwards' self-consistent field theory. The calculation is carried out in two dimensions and shows that, as expected, for short grafted chains (aN 1/2 ӶL, with a the segment size͒, the interactions and concentration profiles of the grafted layers are that of stretched brushes at flat interface; while for long grafted chains (aN 1/2 ӷL), the interactions and concentration profiles are characteristic of star polymers. In the practically useful ͑but analytically untractable͒ case of intermediate grafted chain lengths, where aN 1/2 ϳL, we have found that the lateral length of the clay sheets is a new relevant length scale in determining the structure and interactions of the grafted layers. These results indicate that the structure and interactions of the brush-coated clay sheets can be tailored by varying the grafted chain length and/or the lateral length of the clay sheets to benefit the fabrication of polymer/clay nanocomposites.
I. INTRODUCTION
Polymeric nanocomposites are composed of polymers and dispersed inorganic particles with at least one dimension at nanoscale. 1 Examples include adding the inorganic clay montmorillonite to nylon-6, 2 reinforcing polypropylene by particulates fibers, and layered inorganic fillers, 3 confining poly͑ethylene oxide͒ in parallelly stacked montmorillonite layers, 4 and incorporating graphitic oxide and clays into conducting polymers, such as polyaniline and polypyrrole. 5, 6 Such composites may exhibit dramatic increases in tensile strength, heat resistance, optical clarity, barrier properties, scratch resistance, and flame retardancy. It is now generally understood that for polymeric nanocomposites to achieve these improved properties the inorganic particles have to be molecularly dispersed within the polymer matrix. In practice, however, the van der Vaals interactions between the inorganic particles are always attractive, which result in the aggregation or flocculation of the particles. It is, thus, important to tailor the surfaces of the particles to control the surface force. One common means is to end-graft polymer chains onto the particle surfaces, forming what is usually referred to as a polymer brush. These brushes are of both practical and theoretical interest and have been the subject of intense study since the pioneering work of Alexander 7 and de Gennes. 8 When a polymer brush is immersed in a polymer melt, the osmotic effects tend to swell the brush, while the elasticity of the grafted chains tends to diminish the brush extension. The balance of the two effects results in an equilibrium brush height, which depends on three parameters, the polymerization indexes of the grafted chains, N, and the melt chains, P, as well as the grafting density ͑average number of grafted chains per surface area a 2 of the solid substrate, where a is the monomer size͒. For long enough polymer melt chains, i.e., PտN 1/2 , the bare monomer-monomer interactions of the N chains often described by an excluded-volume parameter, are screened out by the P chains, and the N chains behave ideally. 9 When the grafting density is low, N 1/2 Ӷ1, the free melt polymer chains penetrate the brush ͑''wet brush''͒ and the brush height scales as hӍaN 1/2 ; where the grafting density is high enough, N 1/2 ӷ1, the melt chains are completely expelled from the brush ͑''dry brush''͒ and its height scales as hӍaN. 10 The interface between the brush and the melt, however, is not sharp; the melt penetrates over a distance inside the brush. This phenomenon arises as a balance between two effects. On the one hand, penetrating the brush is entropically favorable for the solvent; on the other hand, the melt penetration implies an extra stretching of the chains in the outer fringe of the brush and a subsequent cost in elastic free energy. The penetration length was calculated by Leibler et al. for a melt of long chains: ϭa
. 11 In this regime, the melt wets the brush only partially and there exists a positive interfacial energy between the grafted chains of the brush and the mobile chains of the bulk. In the case of short melt molecules ( P Ͻ P*), Leibler et al. predicted Although the scaling analyses were rather successful in giving qualitative prediction and interpretation of experimental observations, they were limited in providing detailed information about the specific density profiles and interactions of the polymer brush/melt systems. Using a continuous onedimensional self-consistent field ͑SCF͒ theory, Ferreira et al. performed a systematic exploration of the parameter space of a͒ Author to whom correspondence should be addressed. Electronic mail: fengqiu@fudan.edu.cn a polymer protected surface in contact with a melt. 13 Their calculation shows that due to subtle entropic effects the melt chains are expelled from the grafted layer, even if they are chemically identical to the grafted chains, and the interactions between the clay sheets can be purely repulsive or repulsive at short distances and attractive at longer distances. The domain where attraction exists between two grafted layers, and where partial wetting is thus expected, can be simply described by N 1/2 Ͼ(N/ P) 2 , which is slightly different from the just described scaling prediction, N 1/2 Ͼ(N/ P) 3/2 . Combining the Scheutjens and Fleer SCF method and an analytical SCF theory, Balazs et al. recently investigated the interactions between two closely spaced surfaces and the surrounding polymer melt, in which short chains ͑surfactants͒ are terminally anchored to each of the surfaces.
14 Their calculations show that adding a small fraction of end-functionalized polymers to the melt can lead to the formation of exfoliated structures, where the sheets are uniformly dispersed within the matrix. These results reveal that the optimal polymeric candidates for creating stable exfoliated composites are those that would constitute optimal steric stabilizers for colloidal suspensions.
In all the previous theoretical studies the clay sheets were assumed to be so big that their lateral lengths are much longer than the size scale of the grafted polymers. Therefore, all of the existing studies are in one dimension and their argument is valid only for very long sheets (LӷaN 1/2 ). These assumptions are apparently inadequate for nanosheets, where the inorganic clays ͑montmorillonite being a prime example͒ consist of stacked silicate sheets, each sheet is approximately 200 nm in length and 1 nm in thickness. 2 For a ''dry'' polymer brush with index of polymerization equal to 1000, segment length 0.2 nm, and grafting density 0.5, the brush height is approximately 100 nm, which is the same order as the lateral length of the sheets. However, such regimes with intermediate sheet length, which is important to applications of nano-sheets, have entirely been left out by the previous theoretical studies. Attempting to deal with this practically useful case of intermediate sheet lengths, here we report numerical calculations that do not impose any assumption on the sheet length. We use the SCF formulism originally developed by Edwards and extended to multicomponent mixtures by Hong and Noolandi to investigate the morphologies and interaction potentials of the brushcoated clay sheets/polymer melt system. [15] [16] [17] [18] [19] 
II. MODEL
We consider a system of two parallel clay sheets with a distance H along the x-axis and grafted with n ␣ polymer chains of polymerization index N ͑Fig. 1͒. The two sheets are immersed in a polymer matrix of n ␤ free chains with polymerization index P. To simplify the calculation, we assume that the lateral length of the sheets in the y-axis is much larger than the brush height. Thus, due to the translational invariance along the y-axis, the calculation can be reduced to two dimensions and the clay sheets are represented by two parallel LϫW rectangles in the xz-plane, where L and W are the lateral length along the z-axis and the thickness of the clay sheets, respectively. The surfaces of the clay sheets are denoted as r c . At sufficiently large distance away from the sheets, the influence of the brushes ceases to exist and the P melt chains attain their bulk properties. The bulk is characterized by a constant mean density of monomers 0 ϭ1. The monomers of the grafted chains and the free chains are assumed to be chemically identical, flexible with a statistical length a, and incompressible with a volume 0 Ϫ1 . The volume occupied by the polymers is Vϭ(n ␣ Nϩn ␤ P) 0 Ϫ1 and the grafting density of the grafted chains is ϭan ␣ /4(L ϩW), which is dimensionless and defined as the average number of grafted chains per surface area a 2 of the solid substrate, where a is the monomer size. It should be noted that this definition of implies that n ␣ and n ␤ are actually the number of ͑grafted and matrix͒ polymers contained in a box of dimension L x ϫL z ϫa, where L x , L z , and a are the system sizes along the x, z and y-axes, respectively. The average volume fraction of the grafted chains is defined as ␣ ϭn ␣ N 0 Ϫ1 /V and that of the matrix chains ␤ ϭn ␤ P 0 Ϫ1 /V.
FIG. 1. ͑a͒ 2D schematic diagram of the geometry of two brush-coated clay sheets in a polymer melt. The long lateral length along the y-axis is much larger than the brush height, thus only a cross section in the xz-plane is drawn. The two clay sheets are represented by two rectangles and the grafted chains are drawn darker than the melt chains. Note that the x-direction is perpendicular to the surfaces of the clay sheets. ͑b͒ Schematic diagram illustrating the variables used in the calculation. Note that H is the distance between the two front surfaces of the clay sheets.
The system we considered here consists of many interacting chains. In general, a many interacting system is not analytically tractable and a variety of approximations has to be taken, in which the mean field approximation is a good first step to go. In the mean field theory the many interacting chains are reduced to that of independent chains subject to an external ͑mean͒ field, created by the other chains. The fundamental quantity to be calculated in mean field studies is the polymer segment probability distribution function, q(r,s), representing the probability of finding segment s at position r. The probability, q ␣ (r,s), that a grafted chain ends at r in s steps having started at the surfaces of the clay sheets satisfies a modified diffusion equation
where w ␣ (r) is the self-consistent field, the initial condition, q ␣ (rϭr c ,0)ϭ1 and q ␣ (r r c ,0)ϭ0, and the boundary condition is q ␣ (rϭr c ,s)ϭ0. To implement these conditions without contradictions, the trick introduced by Dolan and Edwards was adopted. 20 Because the two ends of the grafted chains are distinct, a second end-segment distribution function, q ␣ † (r,s), is needed. It satisfies Eq. ͑1͒ with the righthand side multiplied by Ϫ1, and the initial condition, q ␣ † (r,N)ϭ1, and the boundary condition, q ␣ † (rϭr c ,s)ϭ0. For the free chains ͑␤ chains͒, the two ends are identical, therefore, only one end-segment distribution function, q ␤ (r,s), is needed, and the equation of q ␤ (r,s) is similar to Eq. ͑1͒ with the initial condition, q ␤ (r,0)ϭ1, and the boundary condition, q ␤ (rϭr c ,s)ϭ0.
The individual canonical partition function of the grafted chains ͑␣ chains͒ subject to the mean field w ␣ is defined as Q ␣ . In terms of q ␣ and q ␣ † , it can be written as
Note that Q ␣ is independent of the parameter s. The expression for Q ␤ is similar
͑3͒
With the mean field approximation, the free energy of the system is given by
where k B is the Boltzmann constant, T is the temperature, ␣ (r) is the local volume fraction of the grafted chains, ␤ (r) is the local volume fraction of the free chains, and (r) is the potential field that ensures the incompressibility of the system.
Minimizing the free energy in Eq. ͑4͒ with respect to ␣ , ␤ , w ␣ , w ␤ , and leads to the following mean field equations that describe the equilibrium morphology:
13,17,18
In general, Eqs. ͑5͒-͑9͒ must be solved numerically. We choose to use the real space combinatorial screening algorithm of Drolet and Fredrickson to numerically solve Eqs. ͑5͒-͑9͒. 19, 21 The calculations are carried out on a twodimensional L x ϫL z lattice with periodic boundary condition. The size of the lattice is chosen such that L x ϭL z ӷaN 1/2 to avoid finite size effect. 22 To simplify the system and the calculation, we assume equal polymerization indexes of the grafted chains and the free chains; that is, we take Nϭ P, the system is in the long solvent regime. The algorithm then consists of generating the initial values of the fields. Using a Crank-Nicholson scheme and an alternating-direction implicit ͑ADI͒ method, 23 the diffusion equations are then integrated to obtain q ␣ (q ␤ ) and q ␣ † , for 0рsрN( P). Next, the right-hand sides of Eqs. ͑8͒ and ͑9͒ are evaluated to obtain new expressions for the species volume fractions and the incompressibility field is chosen to be
with a constant with a high enough value to ensure that in practice ␣ (r)ϩ ␤ (r)ϭ1 and that the resulting density profiles and energies are independent of its particular value. 13 The final step is to update the potential fields using Eqs. ͑5͒, ͑6͒, and ͑10͒ by means of a linear mix of new and old solutions. These steps are repeated until the ͑relative͒ free energy changes at each iteration are reduced to 10 Ϫ4 . For the details of the calculation procedure, see Appendices A and B.
FIG. 2. Distribution of total monomer density of the grafted chains with
Nϭ Pϭ50, ϭ0.25 for different sheet lengths. The monomer density in the white region is higher than that in the dark region and the dark rectangles with different lengths in the center of the white region represent the clay sheets.
III. RESULTS AND DISCUSSION

A. Morphology
We first illustrate how the brush structures change with various sheet lengths L. For clarity, only one clay sheet grafted with polymer chains is considered here. The distributions of the monomer density for Nϭ50 and ϭ0. , in both directions the shape of the monomer density profiles is the parabolic, which is characteristic of polymer brushes at a flat interface; when L ՇaN 1/2 , the shape of the density profile is the power law decay in both the x-and z-directions, which is typical of a star polymer. 24 Similar behavior has been observed in a system of polymer chains grafted to a spherical interface. 25 In that case, by changing the core curvature and using a modified Derjaguin approximation, the grafted layer assumes structures ranging from those in star polymer systems to planar polymer brushes. In the present 2D calculation, without any further approximation, similar structures are predicted by changing the lateral length of the clay sheets.
The interaction between the two polymer brushes also alters the structure of the brushes. As an example, we first illustrate in Fig. 4 the distribution of the monomer density for two clay sheets with Lϭ31 and each surface grafted with Nϭ50 chains at different distances H. For convenience, the surface of each sheet facing another approaching sheet will be called front surface and the other rear surface, and the brushes grafted on the front and rear surfaces are named the front and rear brushes, respectively. For the values of ͑ϭ0.25͒ and P͑ϭ50͒ used, the systems are well in the ''dry'' brush regime ͑where N 1/2 տ1). The brush height is roughly equal to the predicted value, hӍaNӍ12. When Hӷ2h, i.e., the two clay sheets are far away from each other and no interaction exists between the two front brushes, the melt polymer chains penetrate into the space between the tails of the two separated front brushes, and one finds that the monomer density of the grafted chains are almost zero in this area. As the distance between the sheets decreases and reaches a critical value defined by H*Ӎ2h, the tails of the two front brushes start to touch each other and the area in which the monomer density of the front brushes equal zero disappears, i.e., the melt chains being expelling out from this area. If the distance of the two sheets is further decreased (HӶ2h), one can see that almost all the free chains are expelled out of the front brushes. The density profile of the rear brushes remains almost unchanged as the two sheets move closer. Figure 5 shows the distributions of the monomer density for sheet length LϭWϭ3 and Nϭ50. In this extreme case, where L, WՇaN 1/2 , the distributions of the monomer of the polymer layers resemble that of star polymers and the layer thickness is predicted as hӍaN 1/2 Ӎ7. Although the distance between the sheets reaches the critical value that the tails of the two front layers start to touch each other, the melt chains are not completely expelled out from this area. Decreasing the distance further, one finds that all the free chains are expelled out from the front layers.
B. Interactions
The interaction free energy for the two brushes at a distance H is given by 13 
F͑H
and the free energy difference
where the reference state is taken to be the state where the two clay sheets are separated far enough so that they do not feel each other, i.e., the monomer density distributions of the two brushes are not altered even when one separates them further. In Fig. 6 we present the results obtained for the interaction free energy F/ 0 k B T of the two brushes ͑Nϭ50͒ in a melt ͑Pϭ50͒ as a function of the distance H between them, for different values of the grafting density . The four curves plotted in Fig. 6 տ(N/ P) 3/2 ͔, however, it is surprising to see that the interactions are attractive. The reason for the appearance of the attractive interactions for polymer brushes immersed in a chemically identical polymer melt was explained by Leibler et al. and Gay as follows. 11, 12 Once the brush and the melt are in contact, they adjust the penetration length so as to minimize the overall interfacial free energy. The extra stretching of the brush, when the interface is broadened over the width , contributes to the interfacial energy as F brush Ӎk B T 2 /Na 4 . 11, 26 The contribution of the melt component to the interfacial energy, F melt , however, scales differently for different melt chain ͑free chain͒ lengths. For a melt of short chains ( PϽ P*, where P* ϭN 2/3 Ϫ2/3 is a crossover polymerization index predicted by Leibler et al. and Gay͒, it scales as F melt ӍϪk B T/ Pa 3 , which comes from the contribution from the translational entropy of the solvent since in this case the melt chains can be considered as pointlike objects (aP 1/2 Ӷ). On the other hand, for a melt of longer chains ( PϾ P*), the melt interfacial energy scales as F melt Ӎk B T/a, which is positive and accounts for the fact that when the interface width is smaller than the typical extension of the solvent molecules ( ӶaP 1/2 ), many conformation of the free chains ͑those that would cross the interface͒ are forbidden near the interface. Therefore, in this case, the decrease of the distance between the brushes causes a progressive expulsion of the free chains and gives rise to an increasingly negative energy of interaction. The minimum is attained when the two brushes start to compress each other and a positive repulsive contribution to the energy appears. Indeed, our calculation agrees with the scaling predictions of Leibler et , the interaction is purely repulsive.
In the arguments of Leibler et al. and Gay, the lateral length of the brushes is assumed to be infinitively long (L →ϱ) and is thus not considered to be a relevant length scale. Our 2D SCF calculation reveals, however, it is not the case. Figure 7 shows the interaction free energy of the two brushes with different L and fixed grafting density in the regime ( PϾ P*). It is seen that for L/aN , the structure of the grafted layers appears like that of star polymers. Witten and Pincus considered the stabilization of extra-small colloidal particles grafted by polymer chains. 27 Using scaling argument, they showed that for long chain and high grafting density the grafted layers experience purely repulsive force, which is in agreement with the present 2D SCF calculation. Therefore, our 2D SCF calculation shows that the lateral length of the clay sheets is indeed a new relevant length scale in the problem we considered here. Decreasing the lateral length of the clay sheets can cause a substantial change in the interacting force between the clay sheets. The appearance of the attractive interaction can either be caused by increasing the grafting density or by increasing the lateral length of the clay sheets.
We calculate in a systematic way the locus of points N, P, L, and at which the attractive interaction disappears. For fixed value of N, P, and L, the grafting density was varied until the first value of , for which the free energy of interaction becomes negative, was found. The free energy was computed with accuracy to four decimal places and in some cases a few thousand iterations of the set of equations were necessary in order to attain the desired precision. The results obtained for Nϭ Pϭ30 ͑filled circles͒ and Nϭ Pϭ50 ͑squares͒ are shown in Fig. 8 . Also shown in the same figure is the curve corresponding to the scaling function 
where XϭL/aN 1/2 . The scaling function is proposed based on the following observations. In the L/aN 1/2 ӷ1 limit, the structure of the grafted layer is that of a polymer brush at an infinitely long, flat interface, in which case scaling arguments by de Gennes and Gay show that the beginning of the expulsion of the mobile chains from the grafted layer occurs when N Ӷ1 limit, the structure of the grafted layer is that of a star polymer, in which case the scaling argument by Witten and Pincus and experiments and simulations by Likos et al. show that the interactions between two star polymers are purely repulsive. 27, 28 The general trends of our data are well represented by the scaling prediction.
In Fig. 9 we present the results obtained for the distances for which the minimum of the interaction is attained for various values of N, P, , and L. Since the effective attraction between the brushes results from the replacement of two unfavorable brush-melt interfaces by a single brush-brush interface, the distance at which the attraction attains its maximum value is roughly the sum of the two equilibrium heights of the brushes, i.e.,
H*Ӎ2hӍ2aN. ͑15͒
Indeed, it is seen from Fig. 9 that all the curves are straight lines. However, the slopes of the lines appear to be dependent on the value of L/aN 1/2 . For the cases with Lϭ63, N ϭ30 ͑filled circles͒, and Nϭ50 ͑open circles͒, all the data points fall onto one line and the slope of the line is equal to 2, in accordance with Eq. ͑15͒, which means that for L/aN ӷ1), ͉F min ͉/ 0 k B TL appears to saturate at different values for different grafted and melt chains, which is reasonable: for an infinitively long sheet, the attractive energy per unit length is independent of its lateral length. 29 The asymptotic behavior of the energy in L cannot be described by the existing scaling theory. 
IV. CONCLUSION AND REMARKS
We have used a 2D SCF algorithm to carry out a systematic analysis of two brush-coated clay sheets immersed in a polymer melt. One of the main findings of this article is that, in addition to the polymerization indexes of the grafted chains N, and the free chains P, and the grafting density , the lateral length of the clay sheets L is also a relevant length scale in the system we considered here. We have found that due to subtle entropic and elastic effects the interactions between the two grafted layers show an attractive part by varying either the grafting density or the lateral length of the clay sheets L at fixed polymerization indexes of the grafting chains N and the matrix ͑free͒ chains P. We have calculated the locus of points N, P, L, and at which the expulsion of the free chains from the grafted layers begins and the attractive interaction disappears. We have shown that the positive interfacial tension between the grafted and the free chains is responsible for the appearance of the attractive minimum in the interaction energy of two brushes immersed in a chemically identical polymer melt. These findings may have various implications for creating novel polymeric nanocomposites.
The present 2D SCF model bridges the gap between the existing models for brushes grafted on flat interface and stars of polymer chains tethered to a central microscopic core. Such a model would be useful to investigate the structure and phase diagrams of the experimental systems such as selfassembly of grafted nano-particles immersed in polymer matrix, colloidal stabilization in a polymer solution, and wetting of protected surfaces by polymeric materials. The essential features of these systems can be analyzed within the model presented here.
In our calculation, we have taken Nϭ P, however, it is known from a 1D SCF calculation ͑in which the length scale of the inorganic particles is assumed to be much larger than that of the polymer chains grafted on them͒ that the interaction between the two brushes are profoundly influenced by the melt chain polymerization index, P. 13 Thus, it is interesting to see what will be the effect of the free chain polymerization index P in the regime of intermediate sheet lengths. Finally, we note that it is straightforward to extend the present model to other complicated yet still realistic situations, for example, if the grafted chains and the matrix chains are chemically different, either incompatible ͑with the Flory interaction parameter Ͼ0͒ or attractive ͑Ͻ0͒, the structure and interactions of the grafted layers are greatly influenced, as was shown by recent 1D SCF studies. 14, 30 Another interesting example is to investigate the clay particles dispersed in a lamellar matrix composed of a block copolymer or a lyotropic smectic. 31, 32 These works are currently underway.
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APPENDIX A: THE SCF PROCEDURE
In this Appendix, we briefly describe our numerical method. First, we discretize the variables x, z and s as
where L x and L z are lattice sizes along the x and z directions, respectively. Typically ⌬xϭ⌬zϭ1, ⌬sϭ1, and M was chosen as M ϭN when solving the diffusion equation of the ␣ chains and M ϭ P for the ␤ chains. The statistical length of the monomers, a, was set to be aϭ1 and the volume of the monomers 0 Ϫ1 ϭ1. The SCF equations are solved on the 2D L x ϫL z lattice with periodic boundary condition. Our algorithm then comprises six steps which are described as follows ͓We write q(r,s) as q(i, j,t), other position dependent variables are written in a similar way.͔ ͑1͒ Set the initial values of the potential fields w ␣ (i, j) and w ␤ (i, j) using a random number generator. Set the initial value of the potential field (i, j) to (i, j)ϭ1/2͓w ␣ (i, j) ϩw ␤ (i, j)͔.
͑2͒ Solve the modified diffusion equations of q ␣ (i, j,t), q ␣ † (i, j,t) and q ␤ (i, j,t) with the given initial and boundary conditions using the Crank-Nicholson method and the alternating-direction implicit ͑ADI͒ scheme ͑see Appendix B͒.
͑3͒ Evaluate the monomer densities ␣ (i, j) and ␤ (i, j) conjugated to w ␣ (i, j) and w ␤ (i, j) using discrete versions of the Eqs. ͑5͒ Evaluate the free energy of the system using the following discrete version of the Eq. ͑4͒:
where
and
Note that both Q ␣ and Q ␤ are independent of the parameter t. ͑6͒ Return to step ͑2͒. The iterative procedure continues until the ͑relative͒ free energy changes at each iteration are reduced to 10 Ϫ4 . The relaxation parameter appearing in step ͑4͒ determines how fast the free energy converges to a local minimum. In the present article is set to be ϭ0.1. The parameter is set to be ϭ1.0. As long as is not small, the incompressibility condition, Eq. ͑7͒, is ensured and the resulting density profiles and free energies are independent of its particular value. Larger values of and can speed up convergence but also may lead to numerical instabilities.
